Abstract. We report elastic differential, integral and momentum transfer cross sections for eTMAs collisions, obtained at the static-exchange level of approximation. The energy range considered was from 5 to 40 eV. Our calculations were performed with the Schwinger multichannel method with pseudopotentials (M H F Bettega, L G Ferreira and M A P Lima 1993 Phys. Rev. A 47 1111). In order to study how molecular conformation affects the scattering process, we carried out calculations considering two possible conformations of the target. The elastic integral cross sections obtained with the two conformations are essentially equal for incident energies beyond 15 eV. For the 5 eV < E < 15 eV energy range, however, conformation effects are verified. We have also found shape resonances in the elastic cross sections for both conformations, around 8 eV for the more stable conformation and 12 eV for the other one.
Introduction
It has been pointed out by Garscadden [1] that trimethylarsine (TMAs) is a potential substitute of arsine in deposition processes based on plasma-induced dissociation. Such substitution would be convenient since TMAs is a non-toxic compound. As a consequence, the study of TMAs collision processes is interesting, although, to our knowledge, there is no previous literature concerning e − -TMAs scattering. There are, from the theoretical point of view, a few troublesome aspects that could justify such an omission: (i) the TMAs molecule has no less than 13 atomic centres and 60 electrons to be described. Hence, scattering calculations require a considerable computational effort; (ii) each CH 3 group is able to rotate around the As-C chemical bond, and, as a result, the molecule may be found in innumerable different conformations; (iii) a less severe but sometimes very important hindrance is the molecular permanent dipole moment (0.86 Debye, according to [2] ). In the past few years, the Schwinger multichannel method with pseudopotentials (SMCPP) [3] has been applied to the study of electron scattering by some targets with at least one heavy atom, such as H 2 X (X: O, S, Se, Te) [4] , XH 3 (X: N, P, As, Sb) [5, 6] , XH 4 (X: C, Si, Ge, Sn, Pb) [3, 7] , CX 4 (X: F, Cl) and SiY 4 (Y : Cl, Br, I) [8, 9] and CX 3 Y , CX 2 Y 2 , CXY 3 (X, Y : H, F, Cl) [10] . In the SMCPP approach, the pseudopotentials (PP) of Bachelet, Hamann and Schlüter (BHS) [11] substitute the core electrons of the target, and only the valence electrons need to be described in a usual many-body framework (Hartree-Fock approximation in our case). These PP also provide smooth and nodeless atomic pseudo-wavefunctions, and, as a consequence, the computational effort demanded for both target and scattering calculations is reduced in two ways: we only take valence electrons into account and we do not need to describe nodes of the pseudowavefunctions. (SMCPP uses variational Cartesian Gaussian basis sets [3] . The description of nodes would therefore require substantially larger basis sets.) By construction, the PP includes core-core and core-valence correlation and also incorporates relativistic effects, which are important for heavier atoms [11] . Cross sections for molecules with permanent dipole moments have been calculated combining the SMCPP with the first born approximation (FBA) of the dipole moment potential [4, 6] , in order to improve the differential cross sections (DCS) at small scattering angles. This approach can be extended to e − -TMAs collisions with no further difficulty. Hence, the SMCPP approach, combined with the Born closure procedure, is an efficient tool to overcome drawbacks (i) and (iii), but the possibility of finding the molecule in different conformations may still be a prohibitive obstacle to obtain e − -TMAs scattering cross sections. Lide [2] has estimated the barrier to internal rotation of a CH 3 group to be between 1.5 and 2.5 kcal mol −1 , corresponding to 0.065-0.11 eV. At room temperature (T = 0.0257 eV) the equipartition theorem tells us that the mean energy per particle in an ideal gas, considering only translational and rotational degrees of freedom, is around 0.077 eV. As a result, there would be a considerable number of TMAs molecules with sufficient energy to overcome the internal rotation barrier in such a gas. On the other hand, the internal rotation period for this system would lie in the range 10 −15 -10 −14 s, being long compared to the typical collision period of 10 −16 s. If scattering calculations are to be compared with experimental data, one must be concerned with the conformational distribution of the gas: the conformation will not change significantly during the collision, but one should perform calculations in many different conformations to obtain good averaged cross sections. As a consequence, calculations of e − -TMAs are, in principle, extremely time-consuming. It should be noted, however, that previous works [4, 5, 7, 9] have pointed out that H atoms do not act as effective scattering centres. Since the effect of rotations of CH 3 groups is essentially to change the relative position of H atoms, one could expect that the cross sections would be little affected by the conformation of the target. In this paper, our main goal is to find out if one really needs to be worried about the many possible conformations found in the real TMAs gas. In practice, we will perform calculations in two different conformations and compare the cross sections. A possible conformation of the TMAs is shown in figure 1(a). It is interesting to observe that, in this conformation, the molecule has a plane of reflection, which we define as the Oyz plane: the left and right sides of the molecule, in figure 1(a) , are spectral images of each other. The Oyz plane contains As, C 1 and H 11 atoms. Since our computational codes can take advantage of this reflection symmetry, we will consider only conformations that are symmetric under reflection on the Oyz plane. Departing from the conformation represented in figure 1(a) , which we will refer as the reference conformation (RC), we may obtain many different conformations by rotating the CH 3 groups. However, in order to keep reflection on the Oyz plane as a symmetry operation of the system, there will be two constraints: (a) denoting the rotation angle around carbon atom C 1 by α 1 , there are only two possible values: α 1 = 0 and α 1 = π; (b) the other two rotation angles, defined in similar ways as α 2 and α 3 , will only take values that satisfy α 2 = α 3 ≡ α. The SCF molecular pseudo-energy for the TMAs molecule is shown in figure 2 as a function of α and α 1 . Its dependence on α has a 2π/3 period, due to the geometry of CH 3 groups. It clear that the RC (α = α 1 = 0) is the symmetric conformation of highest energy, while the symmetric conformation of lowest energy corresponds to α = π/3 and α 1 = π . This configuration, shown in figure 1(b) , will be referred as the lowest energy conformation (LEC). These two conformations (RC and LEC) will be used to verify whether molecular conformation is a relevant aspect determining scattering cross sections. Our calculations will be performed at the static-exchange (SE) approximation, and the Born closure procedure [6] will be applied to improve DCS at small scattering angles. Our method will be outlined in section 2, while section 3 will be devoted to the discussion of our results. The conclusions will be presented in section 4. 
Bond angle (degrees)
Bond length (Å)
C-As-C 96 As-C 1.60 H-C-H 107 C-H 1.09
Theoretical formulation
Both SMC [12, 13] and SMCPP [3] methods are well discussed in the literature, and only key steps will be given here. The working expression for the scattering amplitude is given by
where
In the above expressions, S k i is the product of a target state and a free wave with momentum k i , i.e. a solution of the unperturbed Hamiltonian H 0 ; V is the interaction potential between the target and the incident electron (H = H 0 + V ); χ m are (N + 1)-particle Slater determinants used to expand the trial scattering wave function;Ĥ = E − H is the total collision energy minus the full Hamiltonian; P is a projection operator onto the open channel space; and G (+) P is the free-particle Green function projected onto the P -space. All matrix elements but those of χ m |V G (+) P V |χ n , which we call VGV matrix elements, can be calculated analytically. The numerical evaluation of VGV matrix elements [13] is the most time-consuming step of the SMC code, and is drastically reduced with the use of PP. The Born closure procedure is discussed elsewhere [6] for the dipole-allowed rotational excitation 00 → 10 of a symmetric top, and we believe that its extension to the elastic scattering case is a trivial matter. Therefore, we present only the final expression, given by
is the dipole moment potential expression for the scattering amplitude in the first Born approximation; a SMCPP lm and a FBA lm are, respectively, the coefficients of expansion of equation (1) and (4) in spherical harmonics (Y lm ). In equation (4), D is the target permanent dipole moment; k i andk f are, respectively, the incident and outgoing directions in the laboratory frame of reference. Details about the relation between the incident direction and the Eulerian angles that define the transformation from the molecular frame to the laboratory frame, and also about the Fourier transform of the PP, may be found in [6] .
Computational procedures
The BF elastic scattering amplitudes were calculated at the SE approximation with the atoms fixed at the experimental geometries [2] (see table 1 ). The valence part of the target state was described by a single configuration wavefunction, obtained with the Hartree-Fock approximation. The Cartesian Gaussian basis sets employed in the description of the target and in the representation of the scattering orbitals are shown in table 2. For C and As atoms, the basis sets were generated by a variational method [14] , where linear combinations of Gaussian functions are fitted to the radial atomic pseudo-wavefunctions. The calculated dipole moments were 1.052 Debye (RC) and 1.038 Debye (LEC).
Results and discussion
Since our calculations were performed at the SE approximation, we report cross sections at incident energies E 5 eV. In figures 3 and 4, we show, respectively, integral and momentum transfer cross sections of TMAs in both conformations-RC and LEC. These cross sections are SMCPP calculations, without Born closure. It is interesting to observe that beyond ∼15 eV, RC and LEC cross sections are very similar to each other. Though not shown here, our SE calculations for both conformations also agree for 1 eV E 4 eV. Hence, our results strongly indicate that TMAs cross sections may be calculated regardless of the target's conformation for E > 15 eV. It may also be true for E < 4 eV, but one should take polarization effects into account to be sure. In the 4 eV E 15 eV energy range, however, the situation is much more complicated. At such incident energies, RC and LEC cross sections show substantially different structures. In figure 5 , we show the symmetry decomposition of the RC and LEC cross sections. It is interesting to observe that RC belongs to the C 3 v pointsymmetry group, while LEC, to the C S point-symmetry group. The eigenphase sums for the 4 eV E 15 eV energy range are shown in figure 6 . The RC cross section seems to present a shape resonance, associated with the E symmetry, around 12 eV, and a broad structure related to the A 2 symmetry. The LEC cross section also seems to present broad structures associated with both symmetries (A and A ) around 8 eV. Since polarization effects are not expected to significantly change the cross sections at such energies, our results indicate a very interesting feature. If elastic ICS for e-TMAs collisions were obtained experimentally, both structures would be found, and the shape resonances would be fingerprints of the many conformations in the TMAs gas. In fact, the experimental situation may be much more complex because there are innumerable possible conformations. As a consequence, many other shape resonances may exist for incident energies between 5 and 15 eV. DCS are shown in figure 7 for both conformations (RC and LEC) at 5, 10, 15 and 25 eV. The Born closure procedure was used to improve the cross sections at 5 and 10 eV. For 15 and 25 eV, the Born contributions were non-negligible only very close to the forward scattering direction. Since the molecule is very large, and therefore able to couple high angular momenta, one notices oscillations in the DCS at all energies. Even at 5 eV, a d-wave scattering behaviour is observed, especially for the LEC cross section.
Conclusions
The SMCPP approach has proved to be an efficient tool to study elastic e-TMAs collisions. Our SE results have pointed out that scattering calculations may be performed without concerning about the conformation of the target for incident energies beyond 15 eV. (Though not shown in this work, the same was found for E < 4 eV. However, since polarization effects are important at such energies, we are not able to assert that molecular conformation is also irrelevant for
